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Abstract: The obesity epidemic has caused a widespread interest in strategies to achieve a healthy
“high quality” weight loss, where excess fat is lost, while fat free mass (FFM) is preserved. In this
study, we aimed to examine the effect of whey protein supplementation given before night sleep on
FFM preservation during a 4-week (wk) period on a very low caloric diet (VLCD). Twenty-nine obese
subjects (body mass index (BMI) > 28 kg/m2) completed a 4-week intervention including a VLCD
and a walking program (30 min walking × 5 times per week). Subjects were randomly assigned
to either control (CON, n = 15) or a whey protein supplement (PRO, 0.4 g protein/kg/day, n = 14),
ingested before bedtime. Body composition (dual-energy X-ray absorptiometry, DXA), blood analysis
and physical test were performed pre and post intervention. We measured nitrogen excretion in three
24 h urine collections (Day 0, 7 and 28) to assess nitrogen balance. Changes in nitrogen balance (NB)
after 7 and 28 days was different between treatment groups (interaction p < 0.05). PRO was in NB
after 7 days and in positive NB at day 28. In contrast, CON was in negative NB at day 7, but in NB
at day 28. Nevertheless, no significant group differences were observed in the change in pre- and
post-FFM measurements (−2.5 kg, [95% CI: 1.9; 3.1], p = 0.65). In conclusion, ingestion of a whey
protein supplement before bedtime during a 4-week period on a VLCD improved nitrogen balance,
but did not lead to any significant improvement in the quality of the weight loss in regard to observed
changes in body composition and health parameters compared with controls.
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1. Introduction

Very low caloric diets (VLCD) used for four weeks or greater are effective in regards to inducing
weight loss and improvements in risk factors related to metabolic syndrome. Nevertheless, weight loss
induced by VLCD is associated with a significant reduction of fat free mass (FFM). Eston et al.,
(1992) observed that loss of FFM accounted for 37% of the total weight loss after six weeks on a
VLCD [1]. Preserving or minimizing loss of FFM while losing fat mass (FM) is optimal and has been
referred to as a “high-quality” weight loss [2], since FFM is closely related to basal metabolic rate,
functional capacity and lifespan [3–6].

Regular physical training attenuates the loss of FFM during weight loss [7]. In addition, the protein
content of energy-restricted diets seems to be crucial when aiming at minimizing FFM loss during
weight loss [2,8]. Pasiakos et al. (2013) reported that a daily intake twice the Recommended Dietary
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Allowance (RDA) of protein was associated with FFM preservation in physically active men on a
calorie restricted diet (40% energy deficit) [9].

The timing of protein supplementation may be of importance for the benefit of the supplement on
FFM preservation in the catabolic state [2]. Adding 0.4 g protein/kg whey protein on top of main meals
may not be as effective as ingesting the protein supplement between meals [10]. In contrast, an extra protein
supplement (compared to no supplement) ingested before bedtime improves protein balance and muscle
protein synthesis [11]. Furthermore, protein ingestion before bedtime seems to enhance muscle growth in
response to regular resistance training on FFM in young healthy men [12]. However, elucidation is needed
of the effect of combining an exercise program and a protein supplement on FFM loss during severe caloric
restriction (VLCD) in obese subjects.

In the present study, we investigated effects of a whey protein supplement before bedtime in addition
to a VLCD and a walking program on changes in nitrogen balance, body composition and metabolic risk
factors in individuals with overweight and obese compared to no additional protein. We hypothesized
that an extra protein supplement before bedtime would reduce the loss of FFM and thereby lead to a
“high-quality” weight loss compared to controls with no additional protein supplement. The control group
was instructed to follow typical VLCD guidelines with no additional energy intake.

2. Materials and Methods

2.1. Design

We conducted a randomized, single-blinded, controlled four-week intervention trial, where all
included individuals were overweight or obese and followed a VLCD and walking exercise program.
We performed stratified randomization of the included women and men after we had allocated them by
sequentially numbered containers to the Control group (CON) or the Protein group (PRO). PRO consumed
a protein supplement before bedtime each night, with no added supplement for CON. Before and after
the intervention period the subjects went through an experimental test day. The duration from enrollment
to the final experimental day was 5 to 6 weeks. The VLCD powder (Nutrilett, Orkla Health A/S, Oslo,
Norway) and protein supplement (Maxim, Orkla Health A/S, Oslo, Norway) was handed out by a
person not involved in the collection of data, data analysis or the the random allocation of subjects. The
physical tests and the dual-energy X-ray absorptiometry (DXA) scans were performed by test personal
blinded to the group allocation. We enrolled participants based on the inclusion and exclusion criteria.
Figure 1 shows an overview of the study design and experiment test days. Additionally, each subject
signed a weekly questionnaire of compliance to the diet and supplement.

2.2. Subjects

Individuals who were overweight (body mass index (BMI) > 28 kg/m2) and aged between 18
and 55 years were recruited via posters, newspaper, social media, and through referral from the
municipality’s health center in the period from 7 January until 21 February 2016. Exclusion criteria
were participation in regular resistance-, aerobic- or anaerobic training (>1 h/week within the last
3 months), diabetic type I, and physical disabilities that would hinder completion of the walking
program. Forty-one subjects met the criteria for participation and were randomly assigned to either
VLCD + walking exercise training (CON: n = 21), or VLCD + walking exercise training + whey protein
concentrate (WPC) supplement (PRO: n = 20) (Figure 2). The study included healthy women and men
who were overweight in the age range 21 to 55 years (average 41 years).
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Figure 1. Overview of the design. The pre- and post-tests were performed maximally five days after
the intervention. 24h-UC: 24-h urine collection. QNR: questionnaires. VLCD: very low caloric diet.
Body composition: dual-energy X-ray absorptiometry (DXA) scan and hip and waist circumference
measurements. Bike test: Aastrand 2–point bike test.

All subjects gave their informed consent to participate prior to the intervention. We carried out
the trial in accordance with the Declaration of Helsinki, approved by the local ethics committees
(journal nr.1-10-72-344-15) and registered at Clinical.Trials.gov (NCT03102372). The screening and the
experimental days were all performed at Section for Sports Science, Department for Public Health,
Aarhus University.

2.3. Diet

All subjects were on VLCD (~690 kcal/day, Nutrilett, Orkla Health A/S, Norway) for four weeks.
The Danish Veterinary and Food Administration approve the VLCD products used in the present trial.
We provided the subjects with a VLCD divided in 6 portions per day as either shakes (112 kcal/portion)
and/or soups (122 kcal/portion) (Table 1). We allowed the subjects to consume non-caloric beverages
and sugar-free chewing gum.

The PRO group ingested a whey protein isolate supplement just before bedtime, which contained
0.4 g protein/kg (Maxim, Orkla Health A/S, Oslo, Norway) (Table 1). The subjects and the laboratory
staff who performed the physical tests and DXA scans were blinded for the content of the supplement.
The addition of a protein supplement (thereby addition of energy) to a standardized VLCD diet was
chosen to optimize the quality of the weight loss by preventing FFM loss.

Table 1. Very low caloric diet (VLCD) and protein supplement.

CON PRO

Nutrient Content VLCD Protein
Supplement

VLCD +
Supplement

Energy (kJ/kcal) 2906/690 895/211 3801/902
Protein (g/day) 70 41.3 [30.8; 52.4] 111.3 [100.8; 122.4]

Fat (g/day) 15 3.3 [2.5; 4.2] 18.3 [17.5; 19.2]
Carbohydrate (g/day) 80 3.6 [2.7; 4.6] 83.6 [82.7; 84.6]

Fiber (g) 20.4 0.4 [0.2; 0.5] 20.8 [20.6; 20.9]

Note. kJ; kilojoule, kcal; kilocalorie, G; gram, CON; control, PRO; protein.

Clinical.Trials.gov


Nutrients 2018, 10, 1918 4 of 15

2.4. Exercise Training

All subjects followed a walking program during the intervention (30 min of walking × 5 times
per week). The subjects were recording walking time and distance in the mobile app Endomondo
(Under Armour Connected Fitness, Austin, TX 78701, USA). We instructed the subjects not to alter
their general daily physical activity level besides the walking program and they recorded whether
they were primarily sedentary or active during general working hours in a standardized questionnaire.
A greater volume of aerobic and resistance training seems to be optimal for achieving fat loss and
preserving FFM during energy restriction [13,14]. Nevertheless, we only included a walking program
as part of the intervention since we were aiming at fulfilling the general recommendations for physical
activity and were not aiming at elucidating the maximal muscle perceiving effect of physical training
during energy restriction.

2.5. Experimental Days before and after the Intervention Period

We performed the individual test of the subjects at the same time of the day on the two
experimental days. Anthropometrics were assessed using standardized procedures. Height was
initially measured by a stadiometer (±1 cm) and body weight (±100 g) was measured using a
Tanita SC 330 (Tanita Europe B.V, 2132 NG Hoffddorp, the Netherlands). Body composition was
measured using dual-energy X-ray absorptiometry (DXA) (GE Lunar DXA scan, GE Healthcare,
Chicago, IL, USA) and determined using the system’s software package (enCore version 17 software
GE Healthcare). Waist and hip circumferences were assessed by a measuring tape (±0.5 cm) using
standard procedures [15].

We collected three 24 h urine samples at day 0, 7 and 28 of the intervention period (Figure 1).
Urine volume (g) was measured and a ~10 mL urine sample from each collection period was stored at
−20 ◦C until further analysis for urea (NPU03930) at Aarhus University Hospital, Aarhus, Denmark.

Nitrogen intake was calculated by dividing daily protein intake by 6.25 g [8]. Nitrogen (N)
excretion was calculated based on the measured g (mass) of urine and the urea concentration using
the formula: N excretion in urine (g/day) = (urine g × urea concentration) × molar mass of urea
(60.06 g/mol) × N content (46.64%). Total nitrogen excretion was calculated by adding 2.5 g/day of
nitrogen, representing non-measurable nitrogen loss [16]. Nitrogen balance (NB) was calculated using
the formula: NB (g/day) = nitrogen intake (g/day) ÷ nitrogen excretion (g/day) [8].

All blood samples we obtained after overnight fasting. We obtained blood by finger sticks
and immediately analyzed for capillary blood (cb)-glucose (Hemocue Glucose 201 RT [17,18]),
total cb-cholesterol (Accutend plus [19,20]) and cb-ketones (Freestyle Precision Neo [21]). In addition,
we collected venous blood, which we centrifuged at 22 ◦C for 15 min at 1200× g and stored at
−20 ◦C until further analysis for serum (s)-insulin (NPU02497) and s-free triiodothyronine (s-T3)
(NPU03625). In addition, we analyzed the blood for s-testosterone in men (NPU03549) and s-estradiol
in women (NPU09357). Aarhus University Hospital, Denmark performed the analyses. Blood pressure
(SBP; systolic blood pressure, DBP; diastolic blood pressure) was measured three times in a seated
position. After tests the subjects received a standardized meal; a banana and a meal replacement bar
(Nutrilett, Orkla Health, Oslo, Norway) containing 220 kcal (14 g protein, 22 g carbohydrate and 7 g fat).

We evaluated aerobic fitness level using an Aastrand two-point bike test [22,23]. The subjects
performed the Aastrand two-point bike test on an electronically braked cycle ergometer (Monark 928 E,
Monark Exercise AB, Vansbro, Sweden) after four min standardized warm-up (75 W, cadence 55 rpm).
The 10 min test period was divided in two periods. In the first 6 min period, the resistance was ~100 W
(cadence at 80 rpm) and during the following 4 min, the resistance was increased by at least 60 W
(80 rpm). The resistance during the test was individually adjusted so the heart rate reached ~100 bpm
during the first part of the test and at least 20 bpm higher during the last minute of the test. The heart
rate was monitored (Polar electro N2965, Polar Electro, Kempele, Finland) every 15 s in the last min of each
period. The workload (W) was similar during the test before and after the intervention. To enhance
performance, the test personnel used standardized verbal encouragement and motivational chants.
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2.6. Statistical Analysis

Prior to intervention, we performed a sample size calculation. Earlier studies using VLCD have
reported 3.7–7.8% decline in fat mass (FM) after 6 to 16 weeks of intervention [7,14,24]. We assumed
that PRO would maintain FFM (in contrast to CON) [25], but experience a greater decline in FM
(SD = 3%). Level of significance and power were determined to be 5% (A = 1.96) and 80% (B = 0.84).
Sample size required to detect the hypothesized difference in body fat percentage was calculated to be
16 subjects within each group based on the following formula [A + B]2 × 2 × (SD/DIFF)2.

Between groups, differences in baseline characteristics were evaluated using unpaired Student’s
t tests. For variables measured before and after the intervention period, a two-way mixed ANOVA with
repeated measures was performed to test for changes due to group, time and interaction between group
and time. In the two-way mixed ANOVA, we also tried to adjust for different individual characteristics,
such as activity level at job, diet and initial weight. All statistical analyses were performed using
Stata 12. GraphPad Prism 7.0a was used to design the figures. Data are presented as mean 95% CI,
unless otherwise described. p < 0.05 was considered statistically significant.

3. Results

Twelve subjects were lost to follow up because of non-compliance with the diet (n = 6), constipation
(n = 3) and influenza (n = 3), whereas 29 subjects completed the intervention (PRO; n = 14 and CON;
n = 15) (Figure 2). The daily intake of protein was in total 70 g/day in CON and in average 111 g/day
in PRO, whereas the total daily energy intake was 690 kcal/day in CON and in average 901 kcal/day
in PRO (Table 1). Tables 2 and 3 show subject characteristics for completers. At baseline, no significant
difference between groups was observed in body weight, BMI, FFM, FM, android- and gynoid FM,
waist circumference, hip circumference, nitrogen excretion, blood pressure, cb-cholesterol, cb-ketones,
s-testosterone, s-estradiol, s-T3, s-insulin, fitness and estimated maximal oxygen uptake (Tables 2 and 3).
Adherence to VLCD was good when evaluating questionnaire reports (CON 99.4 ± 0.7% and PRO
99.2 ± 0.6% out of the 42 portions). The significant weight loss supported the self-reported adherence
to the diet and compliance with the diet. Ingestion of a protein beverage just before sleep did not
influence sleeping hours and sleeping quality when evaluating self-reports.
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Table 2. Subject characteristics.

Control Protein Df
Groups Control Protein Interaction

Weight (kg) 102.1 [9.5; 10,9] 102.6 [92.7; 112.5] 0.92 −8.7 [7.8; 9.7] −8.1 [6.7; 9.6] * 0.47
BMI (kg/m2) 35.1 [32.5; 38.3] 34.9 [32.2; 37.6] 0.99 −3.2 [2,8; 3.6] −2.7 [2.4; 3.1] * 0.18

FFM (kg) 59.0 [52.0; 61.0] 57.2 [50.9; 63.5] 0.62 −2.4 [1.6; 3.2] −2.7 [1.7; 3.6] * 0.65
Body Fat (%) 41.9 [37.5; 46.2] 44.1 [40.0; 48.1] 0.43 −3.0 [0.2; 0.4] −2.2 [1.3; 3.0] * 0.35

Android Fat (%) 52.3 [47.8; 56.8] 54.6 [50.6; 58.5] 0.42 −4.6 [0.3; 0.6] −3.4 [1.8; 5.1] * 0.26
Gynoid Fat (%) 41.6 [36.1; 47.1] 45.9 [40.7; 51.0] 0.23 −2.3 [1.5; 3.0] −1.9 [0.1; −0.2] * 0.35

Waist c (cm) 111.0 [102.3; 119.3] 105.0 [97.9; 113.2] 0.89 −10.0 [8.6; 12.2] −8.0 [5.9; 9.8] 0.05
Hip c (cm) 120.0 [113.6; 126.5] 121.0 114.1; 127.3] 0.89 −6.0 [3.6; 7.3] −6.0 [4.8; 7.2] * 0.62

Note. Data are presented as mean [95% confidence interval]. * p < 0.001: significant differences between pre and posttest. A negative value indicates a reduction relative to the pre-test
value. FFM, Fat free mass; Df groups; Differentiation between groups; BMI, Body Mass Index; C, Circumference. In the data analysis, we adjusted for several sociodemographic factors
(age, sex and initial weight), but adjustment did not influence the results significantly. Therefore, Table 2 shows raw values.

Table 3. Blood parameters and blood pressure.

Control Protein Df Groups Control Protein Interaction

SBP (mmHg) 139.0 [131.5; 146.9] 138.0 [125.1; 151.2] 0.88 −15.0 [8.3; 21.2] * −18.0 [12.3; 23.4] * 0.44
DBP (mmHg) 87.0 80.7; 92.5] 88.0 [69.2; 80.2] 0.68 −8.0 [3.3; 12.3] # −14.0 [8.5; 18.8] * 0.08

Chol (mmol/L) 5.1 [4.5; 5.6] 5.3 [4.6; 5.9] 0.66 −0.6 [0.1; 1.0] # −1.1 [0.7; 1.6] * 0.08
Ketones (mM) 0.1 [0.1; 0.2] 0.1 [0.1; 0.2] 0.85 0.3 [0.0; 0.8] # 0.5 [0.2; 0.8] * 0.27

Glucose (mmol/L) 5.9 [5.4; 6.4] 5.4 [5.0; 5.9] 0.13 −0.7 [0.4; 1.1] # 0.1 [−0.8; 0.5] 0.02
Testo (nmol/L) 15.9 [10.2; 21.6] 11.1 [6.2; 16.0] 0.30 8.8 [1.5; 19.05] # 2.8 [0.9; 4.7] # 0.32

Estradiol (pmol/L) 232 [−232; 695] 176 [61; 291] 0.68 158 [−221; 536] −9 [−170; 188] 0.77
T3 (pmol/L) 5.8 [5.3; 6.3] 5.4 [5.0; 5.8] 0.05 −0.6 [0.1; 1.1] * −0.8 [0.4; 1.3] * 0.60

Insulin (pmol/L) 139.7 [73.8; 204.3] 118.0 [50.1; 186.0] 0.28 −75.4 [19.6; 72.6] * −43.7 [−83.4; −4.1] # 0.18

Note. Data presented as mean [95% confidence interval]. * p < 0.001. # p < 0.05: showing significant differences between pre- and post-test. A negative value indicates a reduction relative
to the pre-test value. All blood parameters we obtained in the morning in the post absorptive state. Df groups; differentiation between groups; SBP, systolic blood pressure; DBP, diastolic
blood pressure, Chol, cholesterol; Testo, testosterone; T3, free triiodothyronine.
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Figure 2. Flowchart of recruitment and completion of the trial. PRO: protein group, CON: Control group.
n: number of subjects, FM: Fat mass, FFM: Fat free mass.

3.1. Body Composition

Body weight was reduced (p < 0.001) by 8.6% in CON and 7.8% in PRO (Figure 3), but the change
in absolute and relative weight loss in kg (Table 2) did not differ between groups (Table 2).

Reduction in FFM was significant in both groups (p < 0.001), but the reduction did not differ
between groups (interaction p = 0.65, Table 2). However, a higher initial body fat percentage was
associated with an improved preservation of FFM in legs (r2 = 0.33, p = 0.00), but a greater loss of FFM
in the torso (r2 = 0.15, p = 0.04). In contrast, initial weight per se showed no correlation with changes in
body composition.

Similar to the results for absolute FFM loss, the relative reduction in FFM compared to total weight
loss did not differ between groups (interaction, p = 0.29, Figure 3). The relative FFM loss corresponded
to 26.4% in CON and 31.2% in PRO.

Figure 3. Body composition changes from baseline to the end of the intervention after 4 weeks.
Data presented as mean ± SE.



Nutrients 2018, 10, 1918 8 of 15

The absolute loss of FM was significant (CON; 6.3 [95% CI: 5.68; 6.94] kg and PRO; 5.5 [95% CI: 4.61;
6.36], but did not differ between groups (interaction, p = 0.11).

We observed a significant reduction in android fat and gynoid fat mass (measured by DXA) and
waist and hip circumferences in both groups, but the size of the reduction did not differ significantly
between groups (Table 2). The reduction of android fat was significantly greater than reduction in
gynoid fat in both groups. In support, we observed a similarly greater absolute reduction in waist
circumference than hip circumference.

3.2. Nitrogen Balance

Figure 4 shows data for nitrogen intake g/day, nitrogen excretion g/day, and nitrogen balance
g/day 4. After 7 days of intervention, the NB was different between groups (CON: −1.5 [95% CI: −2.01;
−1.29] g/day; PRO: 1.3 [95% CI: −0.52; 3.06] g/day, p = 0.01). Similarly, at day 28 NB was greater
in PRO (3.2 [95% CI: 1.03; 5.28] g/day) than CON (−0.48 [95% CI: −2.38; 1.42] g/day, p = 0.01).
Comparing these data to a NB at zero PRO demonstrated an equilibrium NB at day 7 (p = 0.15) with a
significant change to a positive NB (p = 0.006) at day 28. In contrast, CON demonstrated a significant
negative NB (p = 0.03) at day 7 returning to an equilibrium NB at day 28 (p = 0.59) (Figure 4C).

Figure 4. Nitrogen intake g/day (A) Nitrogen excretion g/day (B) and Nitrogen balance g/day (C).
The results are calculated based on analysis of 24-hr urine collections and protein intake during the
intervention. Data presented as mean ± SE.

3.3. Blood Parameters

Nine subjects (CON n = 6, PRO n = 3) completed the last experimental day two to five days after
the last intervention day instead of on the day immediately following the intervention. Excluding these
nine subjects did not change the conclusion for any of the parameters and data from all subjects are
included in the presented data (Table 3).

Fasting cb-glucose at baseline was within normal range for all subjects (≤5.6 mmol/L [26]).
The results after 4 weeks of intervention showed a significant reduction in fasting cb-glucose in
CON, but not in PRO (Table 3). Fasting cb-ketone bodies were significantly increased after 4 weeks
(CON; 0.3[95% CI: 0.04; 0.57] mM; PRO; 0.5 [95% CI: 0.21; 0.81] mM), but no significant interaction was
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observed. Total cb-cholesterol was at baseline above >5 mmol/L in 6/15 subjects in CON and 6/14
subjects in PRO. After the intervention this number was reduced to 4/15 in CON and 0/14 in PRO,
with no significant interaction observed in absolute cb- cholesterol values (p = 0.08).

Testosterone in the men was higher after the intervention (p = 0.01), but the increase did not differ
between groups (interaction, p = 0.32). We observed no change in estradiol in the women after the
intervention. S-T3 was within normal range (3.0- 6.5 pmol/L [27]) within both groups at baseline.
A significant reduction in s-T3 was observed after the intervention in both CON (−7%) and PRO
(−15%) (interaction, p = 0.60). S-insulin in both groups was above normal values (18–90 pmol/L [28])
at baseline, but was significantly reduced after the intervention (p < 0.01) to a similar extent in both
groups (interaction, p = 0.18).

3.4. Blood Pressure

Blood pressure was higher than recommended (SBP < 120 mmHg and DBP < 80 mmHg [29]) at
baseline in 12/15 in CON, and 9/14 subjects in PRO (Table 3). These numbers were reduced to 5/15 in
CON and 3/14 in PRO subjects (Table 3). After the intervention blood pressure was significantly lowered
(p < 0.05) in both groups with no significant difference observed between groups (SBP; interaction p = 0.44
and DBP; interaction p = 0.08).

3.5. Aerobic Capacity

Walking time and walking distance did not differ between groups. A greater portion of subjects
in CON (60%) categorized themselves as active at work compared to PRO (36%, p < 0.001).

Results from the Aastrand two-point bike test showed no significant change in estimated maximal
oxygen uptake (CON: −0.2 [95% CI: −0.48; 0.10] O2 mL min−1; PRO: 0.07 [95% CI: −0.14; 0.28] O2 mL
min−1, interaction p = 0.12). However, a significant but similar increase in fitness level was observed
in both groups (CON: 3.1 [95% CI: 0.52; 5.69] O2 mL min−1 kg−1; PRO: 5.3 [95% CI: 2.09; 8.47] O2 mL
min−1, interaction p = 0.26).

4. Discussion

The main novel finding in the present trial was that consuming an extra bolus of whey protein
before bedtime while undertaking a 4-week VLCD did not improve preservation of FFM compared
to ingestion of VLCD alone. However, both groups experienced comparable optimization of body
composition and reductions in metabolic risk factors.

4.1. Body Weight and Fat Mass

On average, the subjects’ reductions in body weight and fat mass were comparable with
previous VLCD studies. The energy intake in PRO was 30.6% higher than in CON due to
the protein supplementation, which corresponded to ~5824 kcal in total during the intervention.
Assuming an energy deficit of 1 MJ corresponds to a ~240 g weight loss [16] this difference should have
led to a ~1.4 kg greater weight loss in CON. Furthermore, CON reported a higher physical activity
level at work than PRO, which would also support an increased energy deficit in CON and improve the
weight loss. However, the weight loss was only 0.6 kg greater in CON and not significantly different
from PRO. There may be several explanations for this observation. Previously, a protein-rich diet
results in a greater 24h energy expenditure than an isocaloric carbohydrate-rich diet [30]. Nevertheless,
the reduction in s-T3, which is a well-documented response to weight loss [16,31,32], was not significant
different between groups, which suggests a comparable lowering of metabolic rate [33] within both
groups. Another explanation could be a higher general activity level in PRO. Use of accelerometers or
double-labelled water to document this would have been optimal. Thirdly, we cannot rule out that
PRO have improved their weight loss due to water excretion which, during a hypocaloric protein-rich
diet, has been reported to be greater than during a hypocaloric carbohydrate-rich diet [34].
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4.2. Effect of Protein Supplement on Nitrogen Balance and Fat Free Mass

Protein supplementation provides building blocks for gluconeogenesis, which has shown to
reduce breakdown of endogenous protein sources in an energy deficit state [9,25,35]. Furthermore,
protein supplementation before sleep enhances muscle protein synthesis and thereby protein balance
during the night [12,36]. In support of a positive effect of protein supplementation, we estimated NB in
PRO to be positive after 28 days on VLCD in contrast to neutral in CON. A positive effect of an enhanced
protein content on NB during a hypocaloric diet is supported by others [37]. Therefore, our NB data
indicates a beneficial effect of protein supplementation on FFM preservation compared to CON.
However, we observed no significant difference in relative (31.2% vs. 26.4% of lost weight in PRO and
CON) and absolute loss of FFM (2.7kg vs. 2.4 kg of lost FFM in PRO and CON). The relative loss of
FFM was in accordance with previous VLCD studies not including extra protein supplements [1,38,39].
A prolonged intervention period might have resulted in a significant improvement in FFM preservation
in PRO compared to CON.

The effect of adding a protein supplement on the top of a VLCD to reduce loss of FFM has not
previously been reported. However, during less restrictive hypocaloric diet (>901 kcal/day) enhancing
protein intake (>0.8 g/kg/day) enhances FFM preservation [2,9,37,40–43]. Nevertheless, no effect of
additional protein during weight loss has also been reported [25,44], which is in line with the present
findings. The conflicting results may be due to the size of the energy deficit or various other factors
(the type and volume of physical activity during the intervention, the amount or source or timing of
the additional protein [2,11,45], etc.).

In the present trial, we administrated the protein dose relative to body weight (0.4 g/kg/day).
The PRO group ingested in average 1.08 g protein/kg/day in total compared to 0.69 g protein/kg/day
in the CON group. Based on results from a meta-analysis, Krieger et al. (2006) recommended that in
an energy deficient state the daily protein intake should exceed 1.05 g protein/kg/day to improve
FFM preservation [46]. Other findings support this [2,9,37,40,41]. Therefore, we cannot exclude that
enhancing the amount of protein in the supplement would have led to preservation of FFM since the
energy deficit in the present trial was greater than in the meta-analysis by Krieger et al. [46]. We wanted
to induce a marked weight loss in PRO and therefore we did not want to enhance the total energy
intake more by adding more protein to the supplement in PRO.

4.3. Effect of Walking Intervention on Fat Free Mass

We instructed the subjects to perform a walking intervention to standardize activity level and
minimize possible impact of different training load. Resistance-based exercise was not performed,
in order to avoid impact on FFM changes, with a protein supplement as the primary intervention.
The literature supports that adding exercise to an energy-restricted diet reduces the relative FFM
loss [38,47]. In a meta-analysis, Ballor and Poehlman (1994) observed that adding moderate intensity
exercise to an energy-restricted diet program reduced FFM loss from 28% to 13% in men and 24% to
11% in women [47]. Nevertheless, our results indicate that the intensity or volume of the walking
program in the present trial was insufficient to induce FFM preservation since the relative loss of FFM
was comparable with the loss in the control groups in Ballor and Poehlman [47]. However, subjects with
the greatest initial body fat percentage experienced an improved preservation of FFM in legs (r2 = 0.33,
p = 0.00), which may be because the load on the leg muscle during walking was relatively higher in these
subjects compared to subjects with a lower body fat percentage. In fact, the two subjects with the highest
initial fat percent gained leg FFM (0.3 and 1.1 kg). Both groups followed the same walking program,
but a higher activity level at work was reported in CON (categorized as active at work; CON 60% vs.
PRO 36%, p < 0.05). This could be a negative confounder in regards to observing FFM preservation in
response to protein supplementation. Nevertheless, adjusting for the reported activity level at work did
not change the conclusion, showing no significant group difference in FFM preservation.



Nutrients 2018, 10, 1918 11 of 15

4.4. Effect of the Intervention on Fitness and Health Parameters

VO2max did not change, but due to the weight loss, the fitness level (maximal mL O2/min/kg)
was higher after the intervention period. In contrast, others have reported improvements in VO2max
when combining regular aerobic exercise with a hypocaloric diet [7,48,49]. The discrepancy is probably
explained by the subjects in our study exercising at relatively low intensity. In addition, we measured
the physical performance just after intervention ended when the subjects were still in an energy deficit
state. Therefore, the availability of glucose and glycogen as energy fuel was probably lower during
the test at the end of the intervention compared to baseline. In support, at the experimental day after
the intervention the concentration of insulin was lower and the concentration of ketone bodies higher.
This indicates that during the indirect submaximal bike test, fat oxidation was probably higher during
the post testing at the similar workload than when testing at baseline. Since oxygen cost/adenosine
triphosphate (ATP) production is higher when using fat as fuel compared to glucose, this may have
induced an increase in heart rate and thereby confounded the estimation of VO2max.

Lipid profile and blood pressure were either unchanged or improved after 4 weeks of intervention,
which indicates a reduced risk of cardiovascular disease and metabolic abnormalities. This observation
is in agreement with previous weight loss interventions [50–53]. The improvements the subjects
experienced did not differ between groups. This is in line with the changes in body composition and
fitness level, which were comparable between groups.

We measured sex hormones to investigate whether diet or/and changes in body composition
would be related to changes in sex hormones. Testosterone (only measured in males) was relatively low
at baseline, but a significant increase was observed post intervention, which is supported by previous
weight loss trials [54]. This observation may be related to BMI which is inversely proportional to
circulating testosterone due to testosterone being converted to estradiol in adipose tissue.

4.5. Limitations

The energy intake was not energy matched since we added the protein supplement on top of
VLCD. Therefore, we cannot determine whether our findings are due to the higher energy intake in
PRO or the whey protein supplement. However, we were aware of this when designing the project.
The VLCD we used was a commercial standardized product that meets the requirement and standards
for VLCD. We did not want to give the CON group an isocaloric carbohydrate supplement on top of
this standardized product, since in the real world that would not be the practice unless the subjects
are not sticking to the diet. The perspective was that we wanted to optimize the quality of weight
loss by testing the effect of a new approach to optimize the VLCD formula. Another reason for not
adding an isocaloric sugar/carbohydrate supplement to the control was that the insulin response
would potentially influence the primary outcome parameter, the FFM loss, by reducing the protein
breakdown rate.

4.6. Future Directions

We chose to use whey protein supplement in the present study because it is protein source of high
quality [55,56]. Whey protein has a high content of essential amino acids to stimulate muscle protein
synthesis and a specific high content of leucine compared to other protein sources. Whey protein
isolate effectively stimulates skeletal muscle synthesis [57]. Furthermore, whey protein triggers a
higher secretion of insulin than a slowly absorbed protein source such as casein, which might be
beneficial since insulin reduces muscle protein breakdown [58]. Nevertheless, a slow release protein
source such as casein could potentially be more beneficial than a whey protein supplement in an
energy-restricted situation since a rapid increase in plasma amino acid concentration as observed after
whey protein ingestion leads to a higher oxidation of the amino acids [57]. Therefore, we cannot say
whether it would have changed our results if we had supplemented with casein instead of a whey
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protein supplement. Future studies should aim for elucidating whether a slowly absorbed protein
supplement can positively optimize weight loss quality during VLCD by reducing the loss of FFM.

4.7. Conclusions

During a VLCD period combined with a walking program, a whey protein supplement before
bedtime did not lead to preservation of FFM or changes in metabolic health parameters compared
with a VLCD and walking alone. The additional calorie intake in the PRO group did not reduce the
size of the weight loss compared to the control group. The benefit of physical activity on fat free mass
maintenance seems positively related to initial body fat percentage and working load.

Author Contributions: Conceptualization, M.H. and A.E.L.; Methodology, M.H. and A.E.L.; Software, M.H. and
A.E.L.; Validation, M.H., B.M.B. and A.E.L.; Formal Analysis, M.H., G.H., J.J. and A.E.L.; Investigation, M.H. and
A.E.L.; Resources, G.H., J.J., B.M.B.; Data Curation, M.H., G.H., J.J. and A.E.L.; Writing- Original Draft Preparation,
A.E.L.; Writing-Review & Editing, M.H. and A.E.L.; Visualization, M.H. and A.E.L.; Supervision, B.M.B. and
M.H.; Project Administration, M.H.; Funding Acquistions, Orkla Health A/S, Toyata-Fonden, Denmark and the
Tømmerhandler Vilhelm Bangs Foundation.

Funding: We obtained funding for study from the Toyota-Fonden, Denmark and the Tømmerhandler Vilhelm
Bangs Foundation. Orkla Health A/S, Norway delivered the VLCD-product. None of the funding sources was
involved in the project at any time. None of the authors reported a conflict of interest related to the study.

Acknowledgments: We are indebted to the participants who volunteered. We thank our laboratory technicians
Janni Mosgaard Jensen (J.J.) and Gitte Kaiser Hartvigsen (G.H.) for technical assistance during clinical trials
and laboratory analysis, and students Jonas Flagstad and Frida Johanne Pilgaard Middelfart, who helped run
the test days at Section for Sport Science, Aarhus University. The results of the current study do not constitute
endorsement by ACSM.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Eston, R.G.; Shephard, S.; Kreitzman, S.; Coxon, A.; Brodie, D.A.; Lamb, K.L.; Baltzopoulos, V. Effect of
very low calorie diet on body composition and exercise response in sedentary women. Eur. J. Appl. Physiol.
Occup. Physiol. 1992, 65, 452–458. [CrossRef] [PubMed]

2. Murphy, C.H.; Hector, A.J.; Phillips, S.M. Considerations for protein intake in managing weight loss in athletes.
Eur. J. Sport Sci. 2015, 15, 21–28. [CrossRef] [PubMed]

3. Pedersen, B.K.; Febbraio, M.A. Muscles, exercise and obesity: Skeletal muscle as a secretory organ.
Nat. Rev. Endocrinol. 2012, 8, 457–465. [CrossRef] [PubMed]

4. Srikanthan, P.; Karlamangla, A.S. Muscle mass index as a predictor of longevity in older adults. Am. J. Med. 2014,
127, 547–553. [CrossRef] [PubMed]

5. Wannamethee, S.G.; Shaper, A.G.; Lennon, L.; Whincup, P.H. Decreased muscle mass and increased central
adiposity are independently related to mortality in older men. Am. J. Clin. Nutr. 2007, 86, 1339–1346.
[CrossRef]

6. Zamboni, M.; Mazzali, G.; Zoico, E.; Harris, T.B.; Meigs, J.B.; Di Francesco, V.; Fantin, F.; Bissoli, L.; Bosello, O.
Health consequences of obesity in the elderly: A review of four unresolved questions. Int. J. Obes. 2005,
29, 1011–1029. [CrossRef] [PubMed]

7. Snel, M.; Gastaldelli, A.; Ouwens, D.M.; Hesselink, M.K.; Schaart, G.; Buzzigoli, E.; Frolich, M.; Romijn, J.A.;
Pijl, H.; Meinders, A.E.; et al. Effects of adding exercise to a 16-week very low-calorie diet in obese,
insulin-dependent type 2 diabetes mellitus patients. J. Clin. Endocrinol. Metab. 2012, 97, 2512–2520.
[CrossRef]

8. Ross, A.C.; Caballero, B.H.; Cousins, R.J.; Tucker, K.L.; Ziegler, T.R. Modern Nutrition in Health and Disease:
Eleventh edition; Wolters Kluwer Health Adis (ESP): Alphen aan den Rijn, The Netherlands, 2012.

9. Pasiakos, S.M.; Cao, J.J.; Margolis, L.M.; Sauter, E.R.; Whigham, L.D.; McClung, J.P.; Rood, J.C.; Carbone, J.W.;
Combs, G.F., Jr.; Young, A.J. Effects of high-protein diets on fat-free mass and muscle protein synthesis
following weight loss: A randomized controlled trial. FASEB J. 2013, 27, 3837–3847. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/BF00243513
http://www.ncbi.nlm.nih.gov/pubmed/1425652
http://dx.doi.org/10.1080/17461391.2014.936325
http://www.ncbi.nlm.nih.gov/pubmed/25014731
http://dx.doi.org/10.1038/nrendo.2012.49
http://www.ncbi.nlm.nih.gov/pubmed/22473333
http://dx.doi.org/10.1016/j.amjmed.2014.02.007
http://www.ncbi.nlm.nih.gov/pubmed/24561114
http://dx.doi.org/10.1093/ajcn/86.5.1339
http://dx.doi.org/10.1038/sj.ijo.0803005
http://www.ncbi.nlm.nih.gov/pubmed/15925957
http://dx.doi.org/10.1210/jc.2011-3178
http://dx.doi.org/10.1096/fj.13-230227
http://www.ncbi.nlm.nih.gov/pubmed/23739654


Nutrients 2018, 10, 1918 13 of 15

10. Paddon-Jones, D.; Sheffield-Moore, M.; Urban, R.J.; Sanford, A.P.; Aarsland, A.; Wolfe, R.R.; Ferrando, A.A.
Essential amino acid and carbohydrate supplementation ameliorates muscle protein loss in humans during
28 days bedrest. J. Clin. Endocrinol. Metab. 2004, 89, 4351–4358. [CrossRef]

11. Areta, J.L.; Burke, L.M.; Ross, M.L.; Camera, D.M.; West, D.W.; Broad, E.M.; Jeacocke, N.A.; Moore, D.R.;
Stellingwerff, T.; Phillips, S.M.; et al. Timing and distribution of protein ingestion during prolonged recovery
from resistance exercise alters myofibrillar protein synthesis. J. Physiol. 2013, 591, 2319–2331. [CrossRef]

12. Res, P.T.; Groen, B.; Pennings, B.; Beelen, M.; Wallis, G.A.; Gijsen, A.P.; Senden, J.M.; van Loon, L.J. Protein
ingestion before sleep improves postexercise overnight recovery. Med. Sci. Sports Exerc. 2012, 44, 1560–1569.
[CrossRef] [PubMed]

13. Kraemer, W.; Volek, J.S.; Clark, K.L.; Gordon, S.E.; Puhl, S.M.; Koziris, L.P.; McBride, J.M.; Triplett-McBride, N.T.;
Putukian, M.; Newton, R.U.; et al. Influence of exercise training on physiological and performance changes with
weight loss in men. Med. Sci. Sports Exerc. 1999, 31, 1320–1329. [CrossRef] [PubMed]

14. Donnelly, J.E.; Pronk, N.P.; Jacobsen, D.J.; Pronk, S.J.; Jakicic, J.M. Effects of a very-low-calorie diet and
physical-training regimens on body composition and resting metabolic rate in obese females. Am. J. Clin. Nutr. 1991,
54, 56–61. [CrossRef] [PubMed]

15. World Health Organization. Waist Circumference and Waist-Hip Ratio; World Health Organization: Geneva,
Switzerland, 2011.

16. Frayn, K.N. Metabolic Regulation—A Human Perspective, 3rd ed.; Wiley Blackwell: Hoboken, NJ, USA, 2010.
17. Kos, S.; van Meerkerk, A.; van der Linden, J.; Stiphout, T.; Wulkan, R. Validation of a new generation POCT glucose

device with emphasis on aspects important for glycemic control in the hospital care. Clin. Chem. Lab. Med. 2012,
50, 1573–1580. [CrossRef] [PubMed]

18. Reddy, V.R.S.; Sumathi, M.E.; Gowda, Y.C.B.; Suhail, S.M. Comparison of Point of Care (POC) Testing
of Glucose by B Braun Glucometer and Hemocue Glucose 201+ Analyser Versus Centralised Testing in
Neonatal Intensive Care Unit (NICU). J. Clin. Diagn. Res. 2014, 8, Pc10-3.

19. Luley, C.; Ronquist, G.; Reuter, W.; Paal, V.; Gottschling, H.D.; Westphal, S.; King, G.L.; Bakker, S.J.;
Heine, R.J.; Hattemer, A. Point-of-care testing of triglycerides: Evaluation of the Accutrend triglycerides system.
Clin. Chem. 2000, 46, 287–291. [PubMed]

20. Coqueiro Rda, S.; Santos, M.C.; Neto Jde, S.; Queiroz, B.M.; Brugger, N.A.; Barbosa, A.R. Validity of a portable
glucose, total cholesterol, and triglycerides multi-analyzer in adults. Biol. Res. Nurs. 2014, 16, 288–294. [CrossRef]
[PubMed]

21. Ceriotti, F.; Kaczmarek, E.; Guerra, E.; Mastrantonio, F.; Lucarelli, F.; Valgimigli, F.; Mosca, A. Comparative
performance assessment of point-of-care testing devices for measuring glucose and ketones at the patient bedside.
J. Diabetes Sci. Technol. 2015, 9, 268–277. [CrossRef]

22. Ekblom, O. Testing the validity of three submaximal ergometer tests for estimating maximal aerobic capacity
in children. Acta Paediatr. 2014, 103, 559–563. [CrossRef]

23. Macsween, A. The reliability and validity of the Astrand nomogram and linear extrapolation for deriving
VO2max from submaximal exercise data. J. Sports Med. Phys. Fit. 2001, 41, 312–317.

24. Bryner, R.W.; Ullrich, I.H.; Sauers, J.; Donley, D.; Hornsby, G.; Kolar, M.; Yeater, R. Effects of resistance vs.
aerobic training combined with an 800 calorie liquid diet on lean body mass and resting metabolic rate. J. Am.
Coll. Nutr. 1999, 18, 115–121. [CrossRef] [PubMed]

25. Farnsworth, E.; Luscombe, N.D.; Noakes, M.; Wittert, G.; Argyiou, E.; Clifton, P.M. Effect of a high-protein,
energy-restricted diet on body composition, glycemic control, and lipid concentrations in overweight and
obese hyperinsulinemic men and women. Am. J. Clin. Nutr. 2003, 78, 31–39. [CrossRef] [PubMed]

26. American Diabetes Association. Standards of Medical Care in Diabetes; American Diabetes Association:
Arlington, VA, USA, 2016; p. 16.

27. Clemens, K.; Payne, W.; Van Uum, S.H.M. Central hypothyroidism. Can. Fam. Physician 2011, 57, 677–680.
[PubMed]

28. Wilcox, G. Insulin and Insulin Resistance. Clin. Biochem. Rev. 2005, 26, 19–39. [PubMed]
29. Whitworth, J.A. World Health Organization (WHO)/International Society of Hypertension (ISH) statement

on management of hypertension. J. Hypertens. 2003, 21, 1983–1992. [PubMed]
30. Mikkelsen, P.B. Effect of fat-reduced diets on 24-h energy expenditure:comparisons between animal protein,

vegetable protein and carbohydrate. Am. J. Clin. Nutr. 2000, 72, 1135–1141. [CrossRef] [PubMed]

http://dx.doi.org/10.1210/jc.2003-032159
http://dx.doi.org/10.1113/jphysiol.2012.244897
http://dx.doi.org/10.1249/MSS.0b013e31824cc363
http://www.ncbi.nlm.nih.gov/pubmed/22330017
http://dx.doi.org/10.1097/00005768-199909000-00014
http://www.ncbi.nlm.nih.gov/pubmed/10487375
http://dx.doi.org/10.1093/ajcn/54.1.56
http://www.ncbi.nlm.nih.gov/pubmed/2058588
http://dx.doi.org/10.1515/cclm-2011-0900
http://www.ncbi.nlm.nih.gov/pubmed/23092803
http://www.ncbi.nlm.nih.gov/pubmed/10657390
http://dx.doi.org/10.1177/1099800413495953
http://www.ncbi.nlm.nih.gov/pubmed/23871994
http://dx.doi.org/10.1177/1932296814563351
http://dx.doi.org/10.1111/apa.12582
http://dx.doi.org/10.1080/07315724.1999.10718838
http://www.ncbi.nlm.nih.gov/pubmed/10204826
http://dx.doi.org/10.1093/ajcn/78.1.31
http://www.ncbi.nlm.nih.gov/pubmed/12816768
http://www.ncbi.nlm.nih.gov/pubmed/21673213
http://www.ncbi.nlm.nih.gov/pubmed/16278749
http://www.ncbi.nlm.nih.gov/pubmed/14597836
http://dx.doi.org/10.1093/ajcn/72.5.1135
http://www.ncbi.nlm.nih.gov/pubmed/11063440


Nutrients 2018, 10, 1918 14 of 15

31. Fothergill, E.; Guo, J.; Howard, L.; Kerns, J.C.; Knuth, N.D.; Brychta, R.; Chen, K.Y.; Skarulis, M.C.; Walter, M.;
Walter, P.J.; et al. Persistent metabolic adaptation 6 years after “The Biggest Loser” competition. Obesity 2016,
24, 1612–1619. [CrossRef]

32. Agnihothri, R.V.; Courville, A.B.; Linderman, J.D.; Smith, S.; Brychta, R.; Remaley, A.; Chen, K.Y.;
Simchowitz, L.; Celi, F.S. Moderate weight loss is sufficient to affect thyroid hormone homeostasis and
inhibit its peripheral conversion. Thyroid 2014, 24, 19–26. [CrossRef]

33. Borup, D.V. Biokemi. In Biokemi, 1st ed.; FADL’s Forlag: Copenhagen, Denmark, 2010.
34. Baba, N.H.; Sawaya, S.; Torbay, N.; Habbal, Z.; Azar, S.; Hashim, S.A. High protein vs high carbohydrate

hypoenergetic diet for the treatment of obese hyperinsulinemic subjects. Int. J. Obes. Relat. Metab. Disord. 1999,
23, 1202–1206. [CrossRef]

35. Manninen, A.H. Very-low-carbohydrate diets and preservation of muscle mass. Nutr. Metab. 2006, 3, 9. [CrossRef]
[PubMed]

36. Snijders, T.; Res, P.T.; Smeets, J.S.; van Vliet, S.; van Kranenburg, J.; Maase, K.; Kies, A.K.; Verdijk, L.B.; van Loon, L.J.
Protein Ingestion before Sleep Increases Muscle Mass and Strength Gains during Prolonged Resistance-Type
Exercise Training in Healthy Young Men. J. Nutr. 2015, 145, 1178–1184. [CrossRef] [PubMed]

37. Longland, T.M.; Oikawa, S.Y.; Mitchell, C.J.; Devries, M.C.; Phillips, S.M. Higher compared with lower
dietary protein during an energy deficit combined with intense exercise promotes greater lean mass gain
and fat mass loss: A randomized trial. Am. J. Clin. Nutr. 2016, 103, 738–746. [CrossRef] [PubMed]

38. Weinheimer, E.M.; Sands, L.P.; Campbell, W.W. A systematic review of the separate and combined effects of energy
restriction and exercise on fat-free mass in middle-aged and older adults: Implications for sarcopenic obesity.
Nutr. Rev. 2010, 68, 375–388. [CrossRef] [PubMed]

39. Josse, A.R.; Atkinson, S.A.; Tarnopolsky, M.A.; Phillips, S.M. Increased consumption of dairy foods and
protein during diet- and exercise-induced weight loss promotes fat mass loss and lean mass gain in
overweight and obese premenopausal women. J. Nutr. 2011, 141, 1626–1634. [CrossRef] [PubMed]

40. Mettler, S.; Mitchell, N.; Tipton, K.D. Increased protein intake reduces lean body mass loss during weight
loss in athletes. Med. Sci. Sports Exerc. 2010, 42, 326–337. [CrossRef] [PubMed]

41. Leidy, H.J.; Carnell, N.S.; Mattes, R.D.; Campbell, W.W. Higher protein intake preserves lean mass and
satiety with weight loss in pre-obese and obese women. Obesity 2007, 15, 421–429. [CrossRef]

42. Weijs, P.J.; Wolfe, R.R. Exploration of the protein requirement during weight loss in obese older adults.
Clin. Nutr. 2016, 35, 394–398. [CrossRef]

43. Hector, A.J.; Marcotte, G.R.; Churchward-Venne, T.A.; Murphy, C.H.; Breen, L.; von Allmen, M.; Baker, S.K.;
Phillips, S.M. Whey protein supplementation preserves postprandial myofibrillar protein synthesis during
short-term energy restriction in overweight and obese adults. J. Nutr. 2015, 145, 246–252. [CrossRef]

44. Watson, N.; Dyer, K.; Buckley, J.; Brinkworth, G.; Coates, A.; Parfitt, G.; Howe, P.; Noakes, M.; Murphy, K.
Effects of Low-Fat Diets Differing in Protein and Carbohydrate Content on Cardiometabolic Risk Factors
during Weight Loss and Weight Maintenance in Obese Adults with Type 2 Diabetes. Nutrients 2016, 8, 289.
[CrossRef]

45. Chaston, T.B.; Dixon, J.B.; O’Brien, P.E. Changes in fat-free mass during significant weight loss: A systematic review.
Int. J. Obes. 2007, 31, 743–750. [CrossRef]

46. Krieger, J.W.; Sitren, H.S.; Daniels, M.J.; Langkamp-Henken, B. Effects of variation in protein and
carbohydrate intake on body mass and composition during energy restriction: A meta-regression 1. Am. J.
Clin. Nutr. 2006, 83, 260–274. [CrossRef] [PubMed]

47. Ballor, D.L.; Poehlman, E.T. Exercise-training enhances fat-free mass preservation during diet-induced
weight loss: A meta-analytical finding. Int. J. Obes. Relat. Metab. Disord. 1994, 18, 35–40.

48. Murphy, M.H.; Nevill, A.M.; Murtagh, E.M.; Holder, R.L. The effect of walking on fitness, fatness and resting
blood pressure: A meta-analysis of randomised, controlled trials. Prev. Med. 2007, 44, 377–385. [CrossRef]
[PubMed]

49. Dengel, D.R.; Hagberg, J.M.; Coon, P.J.; Drinkwater, D.T.; Goldberg, A.P. Effects of weight loss by diet alone or
combined with aerobic exercise on body composition in older obese men. Metab. Clin. Exp. 1994, 43, 867–871.
[CrossRef]

50. Cicero, A.F.; Benelli, M.; Brancaleoni, M.; Dainelli, G.; Merlini, D.; Negri, R. Middle and Long-Term Impact
of a Very Low-Carbohydrate Ketogenic Diet on Cardiometabolic Factors: A Multi-Center, Cross-Sectional,
Clinical Study. High Blood Press. Cardiovasc. Prev. 2015, 22, 389–394. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/oby.21538
http://dx.doi.org/10.1089/thy.2013.0055
http://dx.doi.org/10.1038/sj.ijo.0801064
http://dx.doi.org/10.1186/1743-7075-3-9
http://www.ncbi.nlm.nih.gov/pubmed/16448570
http://dx.doi.org/10.3945/jn.114.208371
http://www.ncbi.nlm.nih.gov/pubmed/25926415
http://dx.doi.org/10.3945/ajcn.115.119339
http://www.ncbi.nlm.nih.gov/pubmed/26817506
http://dx.doi.org/10.1111/j.1753-4887.2010.00298.x
http://www.ncbi.nlm.nih.gov/pubmed/20591106
http://dx.doi.org/10.3945/jn.111.141028
http://www.ncbi.nlm.nih.gov/pubmed/21775530
http://dx.doi.org/10.1249/MSS.0b013e3181b2ef8e
http://www.ncbi.nlm.nih.gov/pubmed/19927027
http://dx.doi.org/10.1038/oby.2007.531
http://dx.doi.org/10.1016/j.clnu.2015.02.016
http://dx.doi.org/10.3945/jn.114.200832
http://dx.doi.org/10.3390/nu8050289
http://dx.doi.org/10.1038/sj.ijo.0803483
http://dx.doi.org/10.1093/ajcn/83.2.260
http://www.ncbi.nlm.nih.gov/pubmed/16469983
http://dx.doi.org/10.1016/j.ypmed.2006.12.008
http://www.ncbi.nlm.nih.gov/pubmed/17275896
http://dx.doi.org/10.1016/0026-0495(94)90268-2
http://dx.doi.org/10.1007/s40292-015-0096-1
http://www.ncbi.nlm.nih.gov/pubmed/25986079


Nutrients 2018, 10, 1918 15 of 15

51. Noren, E.; Forssell, H. Very low calorie diet without aspartame in obese subjects: Improved metabolic control
after 4 weeks treatment. Nutr. J. 2014, 13, 77. [CrossRef] [PubMed]

52. Kahn, B.B.; Flier, J.S. Obesity and insulin resistance. J. Clin. Investig. 2000, 106, 473–481. [CrossRef]
53. Poirier, P.; Giles, T.D.; Bray, G.A.; Hong, Y.; Stern, J.S.; Pi-Sunyer, F.X.; Eckel, R.H. Obesity and cardiovascular

disease: Pathophysiology, evaluation, and effect of weight loss. Arterioscler. Thromb. Vasc. Biol. 2006, 26, 968–976.
[CrossRef]

54. Endocrine Society. Overweight Men Can Boost Low Testosterone Levels by Losing Weight; Science Daily: Rockville,
MD, USA, 2012.

55. Mathias, J.K.; Liu, Y.; Stein, H.H. Values for digestible indispensable amino acid scores (DIAAS) for some
dairy and plant proteins may better describe protein quality than values calculated using the concept for
protein digestibility-corrected amino acid scores (PDCAAS). Br. J. Nutr. 2017, 117, 490–499.

56. Devries, M.C.; Phillips, S.M. Supplemental protein in support of muscle mass and health: Advantage whey.
J. Food Sci. 2015, 80 (Suppl. 1), A8–A15. [CrossRef]

57. Boirie, Y.; Danjin, M.; Gachon, P.; Vasson, M.P.; Maubois, J.L.; Beaufrére, B. Slow and fast dietary proteins differently
modulate postprandial protein accretion. Proc. Natl. Acad. Sci. USA 1997, 94, 14930–14935. [CrossRef]
[PubMed]

58. Abdulla, H.; Smith, K.; Atherton, P.J.; Idris, I. Role of insulin in the regulation of human skeletal muscle protein
synthesis and breakdown: A systematic review and meta-analysis. Diabetologia 2016, 59, 44–55. [CrossRef]
[PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1186/1475-2891-13-77
http://www.ncbi.nlm.nih.gov/pubmed/25069603
http://dx.doi.org/10.1172/JCI10842
http://dx.doi.org/10.1161/01.ATV.0000216787.85457.f3
http://dx.doi.org/10.1111/1750-3841.12802
http://dx.doi.org/10.1073/pnas.94.26.14930
http://www.ncbi.nlm.nih.gov/pubmed/9405716
http://dx.doi.org/10.1007/s00125-015-3751-0
http://www.ncbi.nlm.nih.gov/pubmed/26404065
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Design 
	Subjects 
	Diet 
	Exercise Training 
	Experimental Days before and after the Intervention Period 
	Statistical Analysis 

	Results 
	Body Composition 
	Nitrogen Balance 
	Blood Parameters 
	Blood Pressure 
	Aerobic Capacity 

	Discussion 
	Body Weight and Fat Mass 
	Effect of Protein Supplement on Nitrogen Balance and Fat Free Mass 
	Effect of Walking Intervention on Fat Free Mass 
	Effect of the Intervention on Fitness and Health Parameters 
	Limitations 
	Future Directions 
	Conclusions 

	References

